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(Received 13 February 2002; published 17 March 2003)114502-1The production rate of polymer fibers by extrusion is usually limited by the appearance of a series of
instabilities (‘‘melt fracture’’) that lead to unwanted undulations of the surface. We present both
qualitative and quantitative experimental evidence that —in addition to previously known polymer-
specific scenarios—there is an intrinsic route towards melt fracture type phenomena: a nonlinear
(‘‘subcritical’’) instability of viscoelastic Poiseuille flow.
DOI: 10.1103/PhysRevLett.90.114502 PACS numbers: 47.20.Ft, 83.50.–v, 83.80.Sgpresent experimental evidence that besides these routes to our theoretical predictions [12] for the frequency of theThe study of flow instabilities goes back several cen-
turies. Much progress has been made, especially over the
last decades, and most ‘‘simple’’ instabilities are well
understood by now. Less well understood are flow insta-
bilities in complex fluids. The unusual non-Newtonian
flow properties of complex fluids can not only modify
existing instabilities such as viscous fingering [1] but they
can also give rise to completely new instabilities and flow
behavior [2–8]. In this Letter we present evidence that a
viscoelastic flow instability that is absent for Newtonian
fluids underlies an important set of phenomena that occur
in the spinning of polymer fibers, and that have plagued
the plastic industry ever since the first plastic fibers were
produced. Our work gives strong evidence that when other
effects that can give rise to irregular flow behavior for
specific polymers or flow geometries are suppressed, an
intrinsic viscoelastic instability will always remain.
The manufacturing of plastics is one of the most im-
portant industrial manufacturing processes, and is used
to create a huge variety of objects. The most common
process is extrusion, in which polymer fibers or sheets are
produced by forcing the polymer melt or solution through
a cylindrical hole or slit (a ‘‘die’’) [6]. The production
speed in virtually all plastic extrusion processes is essen-
tially always limited by the appearance of unwanted long
wavelength undulations of the surface [5,6,9–11]. The
generic name for these phenomena which develop when
the extrusion velocity is higher than some critical value is
called melt fracture, in reference to the fact that the
extrudate can even break for the highest speeds. It is
clear that there is no unique route to melt fracture and
that the detailed behavior depends on the polymer that
one uses, the shape of the ‘‘die,’’ etc. There is, for in-
stance, ample evidence that the short wavelength distor-
tions which are usually referred to as ‘‘sharkskin’’ are due
to a quasiperiodic adhesion of the material near the outlet.
Likewise, the spurt-flow regime is usually attributed to
stick-slip behavior of the polymer inside the die. We will0031-9007=03=90(11)=114502(4)$20.00 irregular behavior which depend on the specific polymer
or die shape, there is at least one fundamental intrinsic
route to melt fracture which is common to all polymeric
fluids which exhibit so-called normal stress effects. The
scenario which we advance here experimentally, and
theoretically in a companion paper [12], is that while
viscoelastic Poiseuille flow in the die is linearly stable
to perturbations of infinitesimal amplitude, so-called
normal stress effects drive it nonlinearly unstable to
perturbations of small but finite amplitude. Such an in-
stability is called a weakly subcritical bifurcation.
It has long been known that Poiseuille flow of a so-
called Oldroyd-B or UCM model [13,14] (among the
simplest polymer models that exhibit normal stress ef-
fects) is linearly stable [15]. Nevertheless, tabulated val-
ues for a whole range of different polymers indicate that a
bulk flow instability occurs when elastic stresses become
comparable to viscous stresses [11]. As we discuss in [12],
this observation together with the guidance provided by
the subcritical instability observed in viscoelastic Taylor-
Couette flow [2–4,7] and the subcritical transition to
turbulence for ordinary fluids leads one to suspect the
existence of an underlying nonlinear viscoelastic flow
instability. The results from a weakly nonlinear ampli-
tude expansion presented in [12] do indeed confirm this
suggestion explicitly. In this Letter we present qualitative
as well as quantitative experimental evidence for this
scenario: (i) for our experimental model system other
common instability mechanisms such as those described
above are not present but nevertheless the onset of irregu-
lar flow behavior occurs at values comparable to those
listed in the engineering literature for a whole range of
polymer solutions and melts [11]; (ii) the difference in
threshold value in between a cylindrical and slit die is in
good agreement with the theoretical calculations; (iii) we
observe a hysteresis that one expects near such a ‘‘first-
order-like’’ subcritical transition; (iv) without adjustable
parameters our experimental results compare well with2003 The American Physical Society 114502-1
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published after submission of this paper [16].
We study extrusion experimentally for a polymer/
crosslinker system (polyvinyl alcohol/sodium tetrabo-
rate) for which changing the crosslinker concentration
allows variation of the viscoelastic properties of the
system: the relative importance of the viscous and elastic
stresses can be changed in a continuous fashion [17]. The
aqueous polymer solution contained in a cylindrical res-
ervoir is forced to flow through a cylindrical glass die by a
piston driven by a step motor. We first discuss our visual
observations, and then discuss the characterization of our
solutions and our quantitative measurements.
For low extrusion velocities the flow is perfectly
smooth, until a critical flow rate is reached for which
slight irregularities can be noticed on the extrudate sur-
face; subsequently the surface becomes very rough, as
Fig. 1 illustrates. Measurement of the diameter of the
extrudate from a direct visualization using a CCD camera
shows that the appearance of significant roughness occurs
at a well-defined extrusion speed (Fig. 2), corresponding
to a well-defined (average) shear rate in the die. The more
surprising observation is that the surface distortions ap-
pear at higher shear rate upon increasing the extrusion
velocity than the shear rate at which they disappear upon
decreasing the speed — see Fig. 2. In other words, the
transition from a smooth to a corrugated surface is found
to exhibit a dynamical hysteresis, and the extent of the
hysteresis interval depends on the time the system is given
to reach a dynamical equilibrium state. This is a clear sig-
nal of the subcritical nature of the transition, very much
like the hysteresis in a thermodynamic system is nor-
mally a strong sign of a first-order transition. It should be
noted that the observed hysteresis is not due to a slow vis-
coelastic relaxation of the polymer solutions: their lon-
gest relaxation time is of the order of a second, whereas
for each measurement of Fig. 2 the extrusion speed is al-FIG. 1. Direct observation of the extrusion for different
speeds for a 0.4% borax solution: (a) for the lowest speed
(Wi  2:8) the surface is smooth (b) intermediate speed (Wi 
4:9): development of a small roughness (c) at the highest speed
(Wi  8:4) the melt fracture is well developed.
114502-2tered only after 30 sec. In addition, the residence time in
the die can be estimated for the shortest die as 4R=
D _  8 s at the onset of instability (see Table I).
That the observed hysteresis is unlikely to be caused by
an instability at the die entrance is indicated by the
observation that the hysteresis does not depend signifi-
cantly on the length of the capillary.
To quantify the bulk viscoelastic properties of our so-
lutions, we determined the viscous stress v and the first
normal stress difference N1 for the different solutions as a
function of the shear rate _ in the relevant shear rate
range using a Reologica Stress-Tech stress-controlled
cone-plate rheometer with a 40 mm=4

cone. The first nor-
mal stress difference is the first-order elastic effect for
polymer solutions and melts. It is usually interpreted as
being due to the stretching and/or orientation of the poly-
mer chains by the flow. The entropic tendency of polymers
that are stretched by the flow to recover their equilibrium
chain conformation generates an elastic stress, the macro-
scopic manifestation of which is a difference in stress be-
tween the flow direction and the direction normal to it
[13,14], called the first normal stress difference N1. Our
rheology measurements illustrated in Fig. 3 show that for
not too high shear rates the viscosity  of our solutions
is almost constant: the viscous stresses are consequently
given by v   _. The first normal stress difference N1
increases quadratically with the shear rate: N1  1 _2,
1 being the first normal stress coefficient. This naturally
defines [13,14] the viscoelastic relaxation time of the
solution as 	  1=. Moreover, the ratio of the elastic
to the viscous stresses at the wall, theWeissenberg number
Wi  N1=v  _	 , is then a linearly increasing func-
tion of the shear rate: The flow is predominantly viscousFIG. 2. The root mean square amplitude of the extrudate
surface roughness (obtained by analyzing the pictures) as a
function of the maximum shear rate inside the capillary. For
low shear rates the roughness is almost constant (smaller than
one pixel), while for shear rates greater than a critical value it
becomes much larger, so the transition to melt fracture is well
defined. Note the dynamical hysteresis obtained upon increas-
ing (diamonds) and decreasing (circles) the extrusion speed.
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FIG. 3. Elastic (normal) stresses and viscosity (inset) as a
function of the shear rate measured on a Reologica Stress-Tech
rheometer with a 40 mm=4 cone-plate geometry for a 0.2%
borax solution. The line is a fit to a quadratic shear-rate
dependence, corresponding to the Oldroyd-B model. For higher
shear rates and depending on the crosslinker concentration, the
solution becomes strongly shear thinning, which is the usual
observation for polymer solutions and melts exhibiting melt
fracture. However, it has already been established (Ref. [8]) that
the first instabilities, which interest us here, occur before this
shear thinning region; these two phenomena appear to be
disconnected.
TABLE I. Values for the onset of instability for different
concentrations and different geometries used in the experiment.
We changed the aspect ratio L=R of the die; the aspect ratio of
54 is for a radius of 0.75 mm, the others are for a radius of
1.25 mm. We also changed the form of the inlet from flat to
conical; the opening angle of the cone is 90.
L=R Inlet Borax (%) 	  1= (s) Wi
16 flat 0.2 0.362 5.61
54 flat 0.3 0.354 5.69
16 flat 0.3 0.354 4.81
16 flat 0.4 0.414 5.03
54 flat 0.5 0.386 4.24
16 flat 0.5 0.386 4.05
16 flat 0.5 0.386 3.98
16 cone 0.5 0.386 4.11
32 flat 0.5 0.386 3.91
32 cone 0.5 0.386 3.98
64 flat 0.5 0.386 3.85
64 cone 0.5 0.386 5.77
Slit flat 0.2 0.362 14.15
Slit flat 0.3 0.354 12.51
Slit flat 0.4 0.414 10.73
Slit flat 0.5 0.386 9.21
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elastic stresses at high speeds. The fact that over the range
where we perform our measurements  and 1 are es-
sentially constant makes it legitimate to compare our data
quantitatively with the predictions [12] for the UCM, as
this is precisely the constitutive equation that captures
this behavior. In the UCM or Oldroyd-B model, the
laminar Poiseuille flow profile is parabolic [13]. Hence,
from the flow rate through the cylinder at which the
instability occurs and the fact that it is legitimate to
assume the laminar flow to be parabolic up to the tran-
sition, we can calculate the shear rate at the wall and
hence the critical Weissenberg number Wi. We have also
checked that in our experiments the die swell at the outlet
is of the same order as calculated in [18], although in the
experiments shown in Fig. 1 where the viscosity is not too
high, it is attenuated by the effects of gravity, which are
not taken into account in [18].
Our experimental values for the critical Weissenberg
number are tabulated in Table I. We find that the onset of
the surface roughness occurs at Wi 4:6 0:6 which is
precisely the same range reported in [11] for 20 techno-
logically important polymer solutions and melts with vis-
cosities varying over 3 orders of magnitude. However,
those systems show shear thinning, so that a direct com-
parison with the UCM model is not feasible. For our poly-
mer solutions, whose rheology closely follows the model
predictions, within our experimental accuracy the critical
Weissenberg number is independent of the crosslinker
concentration (and hence viscosity) and of the aspect ratio
of the die. In addition, we have changed the form of the114502-3inlet from flat to conical. This changes the secondary
flows near the die entry; however, the critical Weissen-
berg number is still around 5.
Our experimental value for the critical Weissenberg
number compares well with the results for the weakly
nonlinear expansion [12]. Although it is impossible to
identify a unique threshold for a subcritical bifurcation,
these calculations for the UCM model indicate that nor-
mal stress effects can give rise to quasiperiodically
modulated flow in the cylindrical die for Weissenberg
numbers above 5; for Weissenberg numbers of order 8,
perturbations as small as 4% were found to be sufficient
to drive the laminar flow profile unstable [12]. Whether or
not the spread in our experimentally determined critical
value is related to the fact that for a subcritical bifurcation
the effective threshold value may depend on the experi-
mental protocol, we do not know at present.
Further evidence for the consistency of our experimen-
tal and theoretical results comes from a series of experi-
ments using a slit die (as for making polymer sheets). As
the results listed in Table I show, the critical Weissenberg
number for the slit is about a factor of 3 larger than for
the cylindrical die. This is consistent with the theoretical
finding [12] that the threshold amplitude for the slit is at
least a factor of 2 larger than for the cylindrical die.
We finally address the frequency spectrum of the di-
ameter thickness variations. If these are indeed the rem-
nants of the predicted finite wavelength modulation
of the flow profile in the capillary, the frequency of the114502-3
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critical wave numbers assuming that the instability is
advected at the mean flow velocity. From the results for
the band of wave numbers where the subcritical instabil-
ity is found, one then finds for the frequency f of the
modulations 0:3v=R < f < 0:72v=R where v is the mean
velocity and R the die radius in the experiments [12]. In
Fig. 4 we plot the value of the main frequency of our time
series of the diameter thickness for various Weissenberg
numbers; the two lines indicate the boundaries of the
range of allowed frequencies according to [12]. Clearly,
our experimental data fall nicely in the predicted fre-
quency range. Note that this comparison is made without
any adjustable parameters.
Melt fracture was observed for the first time during the
1950s [5,6,9,10], when the use of plastic materials in-
stead of metals became widespread. In this Letter we
have presented experimental evidence that for our system,
for which stick-slip and outlet instabilities are absent, the
appearance of considerable surface roughness of the ex-
trudate can be understood as an elastically driven, sub-
critical bulk instability of the flow in the die. As the ratio
of the viscous to the normal stresses is the only parameter
of the problem, and as it can be influenced [19] by the
polymer chemistry (for instance the degree of branching)
or by additives, it might be feasible to control the appear-
ance of gross melt fracture in practice. As very similar
instabilities have been reported for injection molding of
plastics [6], the standard way of making hollow plastic
objects, our results may also apply to this problem. On a
more fundamental level, we have shown here that normal
stress effects can render Poiseuille flow of complex fluids
unstable. Although elastically driven instabilities in ge-
ometries with curved streamlines (e.g., Couette flow [2–
4,7]) are well accepted, normal pipe flow was believed toFIG. 4. Characteristic frequency of the instability for differ-
ent borax concentrations, determined from the location of the
peak in power spectra of diameter thickness fluctuations time
series. The dashed lines delimit the frequency associated with
the unstable band calculated in the nonlinear stability analysis.
114502-4be stable because of the fact that the streamlines are not
curved. However, this argument only implies that the flow
is linearly stable: once perturbation is present, the stream-
lines are curved and thus the ‘‘perturbation of the per-
turbation’’ renders the flow unstable — in other words the
flow is linearly stable but nonlinearly unstable.
Finally, the subcritical nature of the instability allows
one also to understand the dependence of the onset of melt
fracture on the die material reported in the literature. In
fact, different materials will have a different wall rough-
ness, which in turn can lead to slightly different fluc-
tuations in the flow velocity during extrusion. As the
perturbation needs to have a finite amplitude to grow in
case of a subcritical bifurcation, this can lead to a re-
tarded appearance of melt fracture for smooth die walls.
The same might hold for the shape of the inlet and the
outlet. However, the origin of the bifurcation is still the
same, and is still driven by the bulk viscoelastic proper-
ties of the polymer if other instabilities do not preempt
this intrinsic flow instability.
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